In the Amazon Rainforest, a unique post-carbon plan to mitigate global warming and to protect the exceptional bio-cultural diversity was experimented in 2007-2013 by the Ecuadorian government. To preserve the rainforest ecosystems within the Yasuní-ITT oil block, the release of 410 million metric tons of CO 2 would have been avoided. The neologism "yasunization" emerged as an Amazonian narrative on "unburnable carbon" to be replicated worldwide. Considering the unburnable carbon, petroleum-associated gas flaring represents the unleakable part. Flaring is an irrational practice that consists of burning waste gases, representing not only a leak of energy but also a pollution source. The general aim of the paper is to monitor gas flaring as a tool, revealing, at the same time, the implementation of environmental technologies in the oil sector and the compliance of sustainable policies in the Amazon region and the Yasuní Biosphere Reserve. Specific objectives are: (i) identifying and estimating gas flaring over seven years (2012-2018); (ii) mapping new flaring sites; iii) estimating potentially affected areas among ecosystems and local communities. We processed National Oceanic and Atmospheric Administration (NOAA) Nightfire annual dataset, based on the elaboration of imagery from the Visible Infrared Imaging Radiometer Suite (VIIRS) and developed a GIS-based novel simple method to identify new flaring sites from daily detections. We found that 23.5% of gas flaring sites and 18.4% of volumes of all oil industries operating in Ecuador are located within the Yasuní Biosphere Reserve (YBR). Moreover, we detected 34 additional flaring sites not included in the NOAA dataset-12 in the YBR and one in Tiputini field, a key area for biological and cultural diversity conservation. We also found that at least 10 indigenous communities, 18 populated centers and 10 schools are located in the potentially affected area. Gas flaring can be used as a policy indicator to monitor the implementation of sustainable development practices in complex territories.
Introduction

Leaving Fossil Fuel Underground: From the Yasuní-ITT Initiative to Unburnable Carbon Areas
The Ecuadorian Amazon Region (EAR) is widely considered as one of the most biologically and culturally diverse areas on the planet [1] [2] [3] [4] . Although it represents only 2% of the Amazon basin,
Remote Sensing to Monitor Gas Flaring in the World
Generally, information and data about gas flaring (position, volumes and chemical composition, burning efficiency) are critical. They are mainly provided only by fossil fuel companies, with lack of direct measurements, standardized procedures and third-party control. Moreover, in some countries there is a lack of public reports or data inaccuracies due to wrong assumptions for estimating combustion efficiencies [46, 52, 55] . However, international policies and agreements, the increasing global awareness of GHG emissions and socio-environmental impacts of gas flaring have made remote sensing technologies together with open satellite data a powerful tool for monitoring gas flaring activities and their impacts worldwide: from mapping out new flare sites, to assessing and estimating volumes of flared gas.
In the past, gas flares have been detected in satellite imaging for decades: the widest archive of images is collected by the Operational Linescan System (OLS), operated by the U.S. Air Force Defense Meteorological Satellite Program (DMSP). Different techniques such as Landsat Flare Detection Method (LFDM), derived from nighttime thermal imagery from moderate-resolution imaging spectroradiometer (MODIS), were used to detect and to estimate flare gas in oil production area of Nigeria [56] . A MODIS-based method called robust satellite techniques (RST) was adopted for the Niger Delta region and in an individual flaring site in Italy by Faruolo et al. (2014; 2018) ; MODIS-based regression models for flared volume estimation between satellite data and oil company reports showed good levels of accuracy [55, 57] . A study based on Landsat 8 using daytime data was performed in Canada [58] .
In 2009, Elvidge et al. built, the first worldwide dataset of gas flaring activities over a long period, using night-time imagery from the DSMP and Google Earth for detection confirmation [52] .After that, many studies attempted to employ different kinds of satellite data to monitor gas flaring activities and, sometimes, model their emissions and the related impacts [59] [60] [61] .
Elvidge et al. also developed a method that uses night-time low-resolution (750 m) imagery from the Visible Infrared Imaging Radiometer Suite (VIIRS), analyzed with a multiband fixed threshold algorithm based on shortwave infrared channels called Nightfire, which permits extrapolation of much information [62] . In this way, they created annual databases on global gas flaring freely available online which have been employed as source of data, both for the comparison with different methods and for the investigation of potential impacts [63] [64] [65] .
Recently, Caisero et al. (2018, 2019) successfully adapted the VIIRS Nightfire algorithm to the observations of the Sea and Land Surface Temperature Radiometer (SLSTR) on board of the Copernicus satellite Sentinel-3A, increasing the opportunity to use remote sensing to monitor gas flaring [60, 66] .
Geographical Framework: The Ecuadorian Amazon Region and the Yasuni Biosphere Reserve
The study area encompasses the whole EAR, from the piedmont of Andean range to lowlands of the Amazon rainforest, with a special focus on the Yasuní Biosphere Reserve (YBR). The EAR is part of the Western Amazon, a global biodiversity hotspot that hosts most of the Amazonian biodiversity [24, [67] [68] [69] [70] [71] [72] . The EAR is 45% of the Ecuadorian territory, it extends for 116,588 km 2 , including the Province of Napo (10.7% of RAE), Sucumbíos (15.5%), Orellana (18.6%), Pastaza (25.4%), Morona Santiago (20.6%) and Zamora Chinchipe (9,1%) . In total, 70% of the EAR surface is divided by oil concessions (oil blocks) for fossil fuel exploration and production ( Figure 1 ) [3] .
The YBR was instituted by the UNESCO Man and Biosphere Program (MAB) in 1989 [73] in order to protect both the exceptional biological diversity and the indigenous populations [67, 71, 72] . MAB protocols aim to integrate biodiversity conservation, sustainable development and scientific research through a geographic zonation, according to different degrees of protection. As stated by MAB protocols, the importance of the Biosphere Reserve zonation model is paramount to ensure "conservation, sustainable use of resources and knowledge generation through integrated zonation and collaborative management". The first important zone is the Core Area which justifies the creation of the Biosphere Reserve and defines the highest level of protection. It is a "securely protected sites for conserving biological diversity, monitoring minimally disturbed ecosystems and undertaking Sustainability 2020, 12, 58 5 of 26 non-destructive research and other low-impact uses (such as education)". Around the Core Area, there is the Buffer Zone which allows low-impact anthropic activities and ecological practices such as ecotourism and environmental education. The third degree of protection is represented by the Transition Area, which plays a central function in sustainable development and local community engagement [74] . and collaborative management". The first important zone is the Core Area which justifies the creation of the Biosphere Reserve and defines the highest level of protection. It is a "securely protected sites for conserving biological diversity, monitoring minimally disturbed ecosystems and undertaking non-destructive research and other low-impact uses (such as education)". Around the Core Area, there is the Buffer Zone which allows low-impact anthropic activities and ecological practices such as ecotourism and environmental education. The third degree of protection is represented by the Transition Area, which plays a central function in sustainable development and local community engagement [74] .
In 2011, through the "Programa Yasuní" the zonation of YBR was established by the Ecuadorian Ministry of Environment (MAE), with the support of MDG's funds. Hence, the RBY (27,700 km 2 ) was geographically defined in the three MAB protection zones: Core Area (14,520 km 2 ), the Buffer Zone (9,780 km 2 ) and the Transition Area (3,400 km 2 ) ( Figure 1 ) [75] . Fossil fuel extraction impacts in the Western Amazon related to oil exploration, opening and building of roads in the primary tropical forest, and contamination due to oil spills or wastewater management are well documented and assessed, both on ecological and human systems [13, 15, [76] [77] [78] [79] [80] . These include, but are not only limited to: contamination of water, air and soil, with consequent effects on biodiversity and indigenous health [14, 16, 17, [81] [82] [83] [84] [85] , deforestation and disturbance on fauna, which cause habitat loss and animal migration [14, 16, 17, [83] [84] [85] . Additionally, there is a pendent lawsuit since 1993 for the extensive damages due to the extensive contamination produced from the extractive company Texaco (actually Chevron-Texaco) in the Northern part of the EAR [83] .
In the area, gas flaring has been a widely diffused practice for several decades ( Figure 2 ) [86] , especially in the Amazonian provinces of Sucumbíos and Orellana, where spatial distribution and volumes of flared gas have not yet been deeply investigated. The only estimates of this phenomenon were made from Durango-Cordero et al. but are not adequate for the assessment of the current situation, as the dataset is updated to 2012 [87] . We took into account all gas flaring sites in the EAR, including also mid-stream sites [87] , which are classified by Eldvidge et al. 2012 as downstream flare stacks [88] . A typical gas flaring related to oil production in the EAR is represented in Figure 2 (Auca oil field). In 2011, through the "Programa Yasuní" the zonation of YBR was established by the Ecuadorian Ministry of Environment (MAE), with the support of MDG's funds. Hence, the RBY (27,700 km 2 ) was geographically defined in the three MAB protection zones: Core Area (14,520 km 2 ), the Buffer Zone (9,780 km 2 ) and the Transition Area (3,400 km 2 ) ( Figure 1 ) [75] .
Fossil fuel extraction impacts in the Western Amazon related to oil exploration, opening and building of roads in the primary tropical forest, and contamination due to oil spills or wastewater management are well documented and assessed, both on ecological and human systems [13, 15, [76] [77] [78] [79] [80] . These include, but are not only limited to: contamination of water, air and soil, with consequent effects on biodiversity and indigenous health [14, 16, 17, [81] [82] [83] [84] [85] , deforestation and disturbance on fauna, which cause habitat loss and animal migration [14, 16, 17, [83] [84] [85] . Additionally, there is a pendent lawsuit since 1993 for the extensive damages due to the extensive contamination produced from the extractive company Texaco (actually Chevron-Texaco) in the Northern part of the EAR [83] .
In the area, gas flaring has been a widely diffused practice for several decades ( Figure 2 ) [86] , especially in the Amazonian provinces of Sucumbíos and Orellana, where spatial distribution and volumes of flared gas have not yet been deeply investigated. The only estimates of this phenomenon were made from Durango-Cordero et al. but are not adequate for the assessment of the current situation, as the dataset is updated to 2012 [87] . We took into account all gas flaring sites in the EAR, including also mid-stream sites [87] , which are classified by Eldvidge et al. 2012 as downstream flare stacks [88] . A typical gas flaring related to oil production in the EAR is represented in Figure 2 (Auca oil field). . Ecuador (picture with DJI Mavic 2 Pro, date 02/06/2019) This is a common example of gas flaring practices in the Ecuadorian Amazon: not confined torch, proximity to rainforest ecosystems. Notice the bare soil resulting from the higher temperature close to flare stack.
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Aims of the Study
The general aim is to use open satellite data to monitor gas flaring activities in the Amazonian Region of Ecuador, and the implementation of more sustainable technologies and policies in remote areas, characterized by very high ecological and cultural diversity. The specific aims are: i) to identify and estimate gas flaring activities over seven years (2012) (2013) (2014) (2015) (2016) (2017) (2018) ; ii) to map new gas flaring sites; iii) to estimate potentially affected areas among ecosystems and local communities. The fourth aim of this work intends to focus on the geographical and policy dimension of gas flaring in relation with the places in which fossil fuel are extracted, an area of research that needs further expansion.
Materials and Methods
Territorial Data Collection
A spatial dataset of vector shapefiles of the main geographical features was acquired from public national geoportals and institutions. Specifically, we used geospatial data about ecosystems, oil fields and the Yasuní Biosphere Reserve, acquired from the Ecuadorian Ministry of Environment (MAE) [89] . Data includes streets, administrative boundaries, indigenous communities, schools, oil blocks and cities acquired from the geoportal of the Geographical Military Institute (IGM Ecuador) [90] . A preliminary geographical analysis of the Amazonian territory was therefore performed in order to frame the spatial relationships among ecosystems, oil production and human settlements.
Socio-Environmental Impacts and Metrics for Potential Impacts on Ecosystems and Local Communities
Direct and indirect impacts of gas flaring on ecosystems and human life are related to various factors: chemical emissions, extreme heat islands, light and noise. Beyond GHG, chemical emissions include many pollutants such as sour gas with H2S and SO2, volatile organic compounds (VOCs,) Polycyclic Aromatic Hydrocarbons, NOX and soot (black carbon). As known, all of them play crucial roles in the Earth climatic processes [45, 91] . Moreover, VOCs such as benzopyrene, benzene, carbon disulfide, carbonyl sulfide and toluene are among the 250 identified toxins, including carcinogens, which are released in the process. Depending on flare height, volume flared and operation mode, gas flaring may diversely affect both ecosystems and local communities. Impacts on the environment are mainly related to local extreme temperature anomalies and chemical pollution, 
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Socio-Environmental Impacts and Metrics for Potential Impacts on Ecosystems and Local Communities
Direct and indirect impacts of gas flaring on ecosystems and human life are related to various factors: chemical emissions, extreme heat islands, light and noise. Beyond GHG, chemical emissions include many pollutants such as sour gas with H 2 S and SO 2 , volatile organic compounds (VOCs,) Polycyclic Aromatic Hydrocarbons, NO X and soot (black carbon). As known, all of them play crucial roles in the Earth climatic processes [45, 91] . Moreover, VOCs such as benzopyrene, benzene, carbon disulfide, carbonyl sulfide and toluene are among the 250 identified toxins, including carcinogens, which are released in the process. Depending on flare height, volume flared and operation mode, gas flaring may diversely affect both ecosystems and local communities. Impacts on the environment are mainly related to local extreme temperature anomalies and chemical pollution, which directly and indirectly affect soil systems, surface and shallow water and biodiversity, with effects at different distances from the gas flaring source [45, 46, 91, 92] .
According to distance from the source, the heat island produced by the flared gas is a key driver of soil degradation processes, causing burnout of organic matter and, consequently, affecting soil flora and fauna [93] . Additionally, it releases in the air substances as H 2 S, NO 2 and SO 2 , which react with water, causing acid rains [46, 94] . Moreover, alteration of microclimatic conditions can directly affect agroecosystems and local communities, as reported in an experimental study case in the Niger Delta: around Ovade flare site, maize yields decreased by 76.4%, 70% and 58% at 500 m, 1 km and 2 km, respectively [95] .
In order to assess sensible sites potentially threatened from ongoing gas flaring activities, we firstly determined potentially affected areas using fixed distance buffers from the sources of pollution, represented by the ongoing active flare sites (See Section 2.4); secondly, we investigated sensible sites (specifically ecosystems, YBR areas, indigenous communities, schools and cities) adopting data mentioned in Section 2.1. The sensible areas were divided into sites with environmental impacts (ecosystems and YBR) and sites with social impacts (indigenous communities, schools and cities). Thus, a bibliographic survey about socio-environmental impacts was performed in order to analyses and select metrics distances. The results sorted on the basis of the target (humans or environment) are summarized in Table 1 . Unfortunately, there is a lack of scientific data reporting gas flaring impacts in the Amazon rainforest. Moreover, depending on different characteristics on the flare stacks, the geographical context and the examined parameter, there is high variability in the metric distances for socio-environmental impacts. Hence, we decided to perform different scenario simulations using both the maximum and the minimum distances to model a precautional and a conservative potential assessment. According to different studies (Table 1) , the resulting distances were 5000 and 650 m for human settlements and 2000 and 650 m for ecosystems
NOAA Nightfire for the Detection of Gas Flaring
We analyzed and validated the dataset provided by the Earth Observation Group (NOAA) of the National Centre for Environmental Information of United States, using the annual dataset from 2012 to 2018, and daily detections. The annual dataset is derived from the modelling of satellite images based on the Nightfire algorithm from the Visible Infrared Imaging Radiometer Suite (VIIRS), carried on the Suomi National Polar orbiting Partnership (Suomi-NPP) satellite, launched in October 2011 from the NOAA [63, 102] .
The NOAA dataset we used is represented by open data, updated daily, and based on:
• An annual dataset, which includes confirmed gas flaring sites from 2012 to 2018 and, for each flare, a data report of average temperature, amount of flared gas, number of usable images without cloud coverage (clear observations), and detection frequency. The included sites are extracted from daily detections using as discriminants: i) the number of detections in a 15 arc second grid, eliminating single and double detections; ii) if the estimation of the temperature was possible; iii) where temperature estimation was not possible, proximity to other flare sites and Google Earth Pro validation; • Daily detections, which include all the sites where values above the threshold were found in the M10 band (Shortwave Infrared, 1.58 µm-1.64 µm). Estimations about temperature, radiative heat intensity, volumes of flared gas (under standard conditions) and derived parameters are provided [103, 104] .
Daily Detection Data Processing for Near Real-Time Monitoring of Gas Flaring Activities
In order to identify new gas flaring sites, we also processed daily detection data from 01/01/2017 to 15/04/2019. All the spatial analyses and scenario simulations were performed in an open source GIS environment (QGIS software, Version 3.4 Madeira). The whole workflow showing the main functions and geo-processes is summarized in Figure 3 .
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In order to assess the reliability of our method, we performed a cross validation process using high-resolution satellite imagery and ground truth GPS surveys to check additional gas flaring sites (Element 13 in Figure 3 ) as well as flares in annual datasets of 2012-2016 not included in 2017 and 2018, which had associated detections (Element 14 in Figure 3 ). Firstly, satellite imagery from Google Earth Pro (GEP) was adopted for preliminary screening of the identified sites, eliminating false signals due to two volcanoes and a swamp. Thus, these sites were not included in the validation process. The resulting gas flaring sites were considered as new gas flaring sites identified with our method and underwent the validation process. Therefore, all the remaining sites were checked through Google Earth Pro, reporting also the date of the available imagery and all cases of impossibility to adequately check the flare's presence (e.g., low resolution or clouds). Thus, a ground truth spatial validation campaign was performed in the months of May and June 2019. For each site, GPS points and geo-referenced photos were collected (Element 15 in Figure 3 ). Alternatively, in cases with a lack of accessibility, Unmanned Aerial Vehicles were used to take georeferenced photos of the ongoing gas flaring activities and GPS position. An example is shown in Figure 2 . Due to the lack of updated GEP images and the possible mistakes in photointerpretation, we also surveyed flaring sites that were not recorded as active by the satellite. Due to some limitations in terms of accessibility, we were not able to access all the sites identified by the elaboration of daily detections. In these cases, we considered them as present in case of positive response by photointerpretation. The resulting sites were then merged with the 2018 annual dataset from the NOAA and considered as currently active gas flaring sites (Element 16 in Figure 3 ). The daily detection data were firstly clustered (Element 2 in Figure 3 ), setting 3 as the minimum size and 423 m as the radius maximum distance. We selected values based on:
•
The minimum number of repeated detections that Elvidge et al. need in order to identify a site as a gas flaring site [63] ; •
The centroid of a VIIRS pixel [63] , and thus we calculated the radius of a circle with the same area of a VIIRS pixel at nadir (750 m).
The resulting cloud point vector file was processed by a kernel density function in order to obtain a 25 m resolution raster layer representative of differences in the density of the point clusters (Element 3 in Figure 3 ). The radius used was 423 m, and the kernel shape was quartic. The latter was chosen because it offered a good compromise between decadence at the edges, allowing separation of different clusters and width of the decay curve, so maintaining the consistency of the detection cluster.
Then, a local maximum extraction was performed on the heatmap (Element 4 in Figure 3 ). The obtained local maximum locations were then aggregated if they were at a distance <423 m between one another and then substituted with their centroids (Elements 5 and 6 in Figure 3 ).
Thereafter, a sampling of the detection clusters was made in order to correlate them to the nearest of the provisional locations. All centroids in a 423 m from sites included in the annual NOAA dataset were considered as duplicates and eliminated and substituted. (Elements 7 and 8 in Figure 3 ). The second field was adopted to filter all the centroids with a distance of <423 m. After the detection clustering, a merge of the remaining centroids and of the annual dataset as hubs were performed (Element 9 in Figure 3 ). The resulting detections were then filtered, taking only those nearer than 423 m to the centroids of the heatmap's local maximum; hence, they were therefore used to calculate new centroids based on the detection clusters (Element 10 and 11 in Figure 3 ). Clusters with ≤ 2 detections were then excluded from the process (Element 12 in Figure 3 ). The remaining points were considered as the additional flare sites identified from the process (Element 13 in Figure 3 ) and merged with the sites of the annual dataset which were previously identified as active. It is important to note that, being the VIIRS geometrical resolution of 750 m, it is not possible to discriminate flares which are nearer than this distance. Therefore, we adopted the term "gas flaring sites" instead of "flares" or "gas flaring plants". This can also suggest that the number of flares may be higher than the number of gas flaring sites detected.
Spatial Validation of Identified New Flare Sites
In order to assess the reliability of our method, we performed a cross validation process using high-resolution satellite imagery and ground truth GPS surveys to check additional gas flaring sites (Element 13 in Figure 3 ) as well as flares in annual datasets of 2012-2016 not included in 2017 and 2018, which had associated detections (Element 14 in Figure 3 ). Firstly, satellite imagery from Google Earth Pro (GEP) was adopted for preliminary screening of the identified sites, eliminating false signals due to two volcanoes and a swamp. Thus, these sites were not included in the validation process. The resulting gas flaring sites were considered as new gas flaring sites identified with our method and underwent the validation process. Therefore, all the remaining sites were checked through Google Earth Pro, reporting also the date of the available imagery and all cases of impossibility to adequately check the flare's presence (e.g., low resolution or clouds). Thus, a ground truth spatial validation campaign was performed in the months of May and June 2019. For each site, GPS points and geo-referenced photos were collected (Element 15 in Figure 3 ). Alternatively, in cases with a lack of accessibility, Unmanned Aerial Vehicles were used to take georeferenced photos of the ongoing gas flaring activities and GPS position. An example is shown in Figure 2 . Due to the lack of updated GEP images and the possible mistakes in photointerpretation, we also surveyed flaring sites that were not recorded as active by the satellite. Due to some limitations in terms of accessibility, we were not able to access all the sites identified by the elaboration of daily detections. In these cases, we considered them as present in case of positive response by photointerpretation. The resulting sites were then merged with the 2018 annual dataset from the NOAA and considered as currently active gas flaring sites (Element 16 in Figure 3 ).
Results and discussion
Gas Flaring Monitoring in the Ecuadorian Amazon Region over Seven Years (2012-2018)
Firstly, analysis of the annual dataset provided from the NOAA shows that almost all the gas flaring sites in Ecuador are located in the EAR. Only three upstream sites and one downstream site, accounting respectively for 11 and 80 million cubic meter (MCM) of flared gas in the whole period (on a total of 6888 MCM in 106 sites, meaning respectively 0.16% and 1.15%) are in other regions. Moreover, GIS analysis shows an increasing trend in flaring activities, with a rate of +17.2% over the last 7 years, which brings Ecuador from the 33rd position to the 28th among the gas flaring countries for the volumes of flared gas.
In the EAR, 102 gas flaring sites over the 7 years considered were identified; among them, 38 were active over all seven years with a total amount of flared gas of 6888 MCM.
Moreover, we identified 34 new gas flaring sites, which contributes to an increase of +11.1% of the flared gas. Among them, one was classified from the data providers as a downstream site, with a total of 155 MCM of flared gas. According to previous works on gas flaring in the Amazonian context, we considered this site (the Shushufindi production plant, Orellana) as a mid-stream site and included it in the dataset [87] . Moreover, each year, sites without any activity detected in the previous year were considered as new activated gas flaring sites. Therefore, we identified, 54 new sites activated during the study period. Since 2013, these new activated gas flaring sites burned 1044 MCM of gas alone, representing 15.1% of the total flared gas in the EAR. During the study period, 44 flare sites were closed, not being included in the annual dataset in the years after their activation. Gas flaring estimation in the EAR is shown in Table 2 , whereas Figure 4 shows all the identified gas flaring sites and their period of activity. where the greatest activity is allowed, fostering economic and human development that is socio-culturally and ecologically sustainable" [105] . Gas flaring volume patterns are mainly composed of relatively small volumes of flared gas (the median is approximately 10 MCM in all the years), with bigger flares which become rarer for increasing flared gas amounts. In fact, the median values are nearer to the first quartile, than to the third, with four major gas flaring sites that in 2016 flared approximately 260 MCM-22% of the total EAR flared gas. Despite the increased overall volume of flared gas, there is a stable trend in the average amount of flared gas for each site, meaning that the incidence of new gas flare sites is coherent with the previous distribution ( Figure 5a ). The frequency distribution of the average flared volumes highlights the presence of five upper outliers. Among them, the Aguarico-3 oil well (Shushufindi oil field), with a mean of 60 MCM flared each year, abundantly exceeds the others (approximately 44 MCM). Figure 5b shows the distributions of the detections of individual gas flaring sites. The detections were defined multiplying the number of clear observations (the number of times the satellite passed above the site without clouds) by the detection frequency (percentage of clear observations in which the flare has been detected) as suggested from the data provider. It is noteworthy that in 2016, the year with the higher number of detected flares (See Table 3 ), there is the higher mean, third and fourth quartiles, meaning a higher number of detections for the gas flaring sites with intense activity. Further, in 2018, which shows an important diminution of gas flaring sites, there are the minimum values of both maximum detection number and third quartile and the highest median values for the distribution, meaning a minor number of detections also for the main gas flaring sites. This may suggest that lower numbers of gas flaring sites and lower volumes may be due to the meteorological conditions which influenced the detection process, in particular for smaller gas flaring sites. Gas flaring volume distribution and detections, on a yearly basis, are shown in Figure 5a and 5b. Data analysis shows that 23.5% of the flare sites are located in the YBR (24 of 102), and 18.4% of the flared gas sites (1268 of 6888 MCM) are located in the EAR. In particular, the Transition Area shows intense flaring activity, with the presence of 21 active sites during the study period. Moreover, this data shows three active gas flaring sites in the Buffer Zone, for a total of 369 MCM of flared gas. No site was detected in the Core Area. It is noteworthy that, similarly to the general EAR data, there is a peak in the number of the gas flaring sites in 2016, with an important decrease in 2017 and 2018. These variations may be due to changes in waste gas management by the operating company, causing the actual dismission of the flaring plant, or to meteorological conditions which allowed a clearer detection of the sites in 2016 than in other years. Despite the decrease in the gas flaring activities in this part of the reserve, this practice represents a critical issue for the UNESCO zoning of the Biosphere Reserves, which defines a Transition Area as "[...] the area of the reserve where the greatest activity is allowed, fostering economic and human development that is socio-culturally and ecologically sustainable" [105] .
Gas flaring volume patterns are mainly composed of relatively small volumes of flared gas (the median is approximately 10 MCM in all the years), with bigger flares which become rarer for increasing flared gas amounts. In fact, the median values are nearer to the first quartile, than to the third, with four major gas flaring sites that in 2016 flared approximately 260 MCM-22% of the total EAR flared gas. Despite the increased overall volume of flared gas, there is a stable trend in the average amount of flared gas for each site, meaning that the incidence of new gas flare sites is coherent with the previous distribution ( Figure 5a ). The frequency distribution of the average flared volumes highlights the presence of five upper outliers. Among them, the Aguarico-3 oil well (Shushufindi oil field), with a mean of 60 MCM flared each year, abundantly exceeds the others (approximately 44 MCM). Figure 5b shows the distributions of the detections of individual gas flaring sites. The detections were defined multiplying the number of clear observations (the number of times the satellite passed above the site without clouds) by the detection frequency (percentage of clear observations in which the flare has been detected) as suggested from the data provider. It is noteworthy that in 2016, the year with the higher number of detected flares (See Table 3 ), there is the higher mean, third and fourth quartiles, meaning a higher number of detections for the gas flaring sites with intense activity. Further, in 2018, which shows an important diminution of gas flaring sites, there are the minimum values of both maximum detection number and third quartile and the highest median values for the distribution, meaning a minor number of detections also for the main gas flaring sites. This may suggest that lower numbers of gas flaring sites and lower volumes may be due to the meteorological conditions which influenced the detection process, in particular for smaller gas flaring sites. Gas flaring volume distribution and detections, on a yearly basis, are shown in Figure 5a ,b. Two of the four major gas flaring sites of the EAR are located in the YBR-one in the Buffer Zone and the other in the Transition Area (see Figure 6 ). They are within the Yuturi (oil block 12) and Auca (oil block 61) oil fields, with more than 44 MCM of gas flared annually on average. The analysis of the flared gas volumes shows that these two main producers burned between a one-third and 50% of the gas flared in the YBR, whereas the other half is flared in smaller gas flaring sites, concentrated mainly along the "Via Auca", with an average combustion of between 1 and 30 MCM. Two of the four major gas flaring sites of the EAR are located in the YBR-one in the Buffer Zone and the other in the Transition Area (see Figure 6 ). They are within the Yuturi (oil block 12) and Auca (oil block 61) oil fields, with more than 44 MCM of gas flared annually on average. The analysis of the flared gas volumes shows that these two main producers burned between a one-third and 50% of the gas flared in the YBR, whereas the other half is flared in smaller gas flaring sites, concentrated mainly along the "Via Auca", with an average combustion of between 1 and 30 MCM. 
Geospatial Analysis of Currently Active Gas Flaring Sites
Near real-time monitoring allowed us to identify 101 currently active gas flaring sites in the EAR. The sites not included in the 2017 and 2018 datasets were 34, with 12 in the YBR. These additional sites may belong to sites which were not considered as independent in the NOAA extrapolation workflow, or to sites with not enough detections to be considered as active with only one year of time range. Figure 7 compares locations from the 2012-2018 dataset, sorted as identified as active or inactive from the elaboration of daily detections (see sections 2.4 and 2.5); daily detections from 01/01/2017 to 04/04/2019 and the validated additional sites identified in this work Among the validated additional gas flaring sites, nine were in the YBR Transition Area, with four of these in the Auca oil field (block 61), one in the Buffer Zone, inside the Armadillo oil field (block 55), and two in the Core Area, inside the Tiputini and the Sunka (block 14) oil fields . It is noteworthy that the oil production within the Armadillo oil field is actually highly debated as it is located in the influence area of the Tagaeri and Taromenane, indigenous populations in voluntary isolation [84] . Additionally, five flares that seemed closed after 2016 were identified as active. These results, compared with Table 3 that shows a decreasing trend from 2012 to 2018, revealing a different scenario, with 29 currently active sites in the YBR. 
Near real-time monitoring allowed us to identify 101 currently active gas flaring sites in the EAR. The sites not included in the 2017 and 2018 datasets were 34, with 12 in the YBR. These additional sites may belong to sites which were not considered as independent in the NOAA extrapolation workflow, or to sites with not enough detections to be considered as active with only one year of time range. Figure 7 compares locations from the 2012-2018 dataset, sorted as identified as active or inactive from the elaboration of daily detections (see Sections 2.4 and 2.5); daily detections from 01/01/2017 to 04/04/2019 and the validated additional sites identified in this work Among the validated additional gas flaring sites, nine were in the YBR Transition Area, with four of these in the Auca oil field (block 61), one in the Buffer Zone, inside the Armadillo oil field (block 55), and two in the Core Area, inside the Tiputini and the Sunka (block 14) oil fields . It is noteworthy that the oil production within the Armadillo oil field is actually highly debated as it is located in the influence area of the Tagaeri and Taromenane, indigenous populations in voluntary isolation [84] . Additionally, five flares that seemed closed after 2016 were identified as active. These results, compared with Table 3 that shows a decreasing trend from 2012 to 2018, revealing a different scenario, with 29 currently active sites in the YBR. In relation to the 29 active gas flaring sites of the YBR, two are in the Core Area, two in the Buffer Zone and 25 in the Transition Area. These results confirm that, despite the advanced and green technologies often claimed both by oil companies and the Government [35, 106] , oil development and production are carried out in the UNESCO YBR by adopting irrational practices such as gas flaring. Of particular concern is the evidence of gas flaring activities in the Core Area of the zoning framework, where the only activities allowed should be "non-destructive research and other low-impact uses (such as education)" [74] . Considering the spatial distribution of the gas flaring sites and the volumes of gas flared in the Biosphere Reserve, a schizophrenic overlap of policies becomes visible, represented by the dichotomy of the fossil fuels territory on one side and the protection of biodiversity conservation and human rights on the other.
Daily Detection Processing and Spatial Validation Results
Spatial data validation confirmed the presence of 25 of 28 flares identified from our daily detection elaborations (results are shown in Table 4 and geo-visualized in Figure 8 ). Moreover, on the ground, we identified and validated nine flaring sites which were included in the 2012-2016 dataset, but not in the 2017 and 2018 datasets. Photointerpretation on high-resolution imageries (GEP) allowed us to validate seven of the additional sites identified by our model; in only one case, there is evidence of gas flaring activity. Additionally, we found that four sites identified from the NOAA in 2016 (or before) were included in GEP imagery; only one case had imagery dated in 2017 or later, giving us evidence of ongoing gas flaring activities.
By a GPS survey, we validated 24 additional sites from our extraction workflow. Among the remaining four sites, three were not accessible and one had no gas flaring activities.
It is interesting to note that, on 37 investigated sites, 11 were confirmed through the GEP, but only three had imageries taken after the beginning of the detections (17 after 01/01/2017), another three had low-resolution images and one showed cloud cover. It means that by GEP imagery interpretation, we would have been able to validate only 43% of the investigated sites and to find evidence of 44% of the existent sites. Finally, by the dual validation process, the new flare detection method showed 3.5% false positives (gas flaring sites detected but not existing on the ground), with 7.1% uncertainty (sites where we were not able to investigate the presence of gas flaring activity). Table 4 summarizes data validated by the GEP imagery photointerpretation and by GPS ground truth. In relation to the 29 active gas flaring sites of the YBR, two are in the Core Area, two in the Buffer Zone and 25 in the Transition Area. These results confirm that, despite the advanced and green technologies often claimed both by oil companies and the Government [35, 106] , oil development and production are carried out in the UNESCO YBR by adopting irrational practices such as gas flaring. Of particular concern is the evidence of gas flaring activities in the Core Area of the zoning framework, where the only activities allowed should be "non-destructive research and other low-impact uses (such as education)" [74] . Considering the spatial distribution of the gas flaring sites and the volumes of gas flared in the Biosphere Reserve, a schizophrenic overlap of policies becomes visible, represented by the dichotomy of the fossil fuels territory on one side and the protection of biodiversity conservation and human rights on the other.
It is interesting to note that, on 37 investigated sites, 11 were confirmed through the GEP, but only three had imageries taken after the beginning of the detections (17 after 01/01/2017), another three had low-resolution images and one showed cloud cover. It means that by GEP imagery interpretation, we would have been able to validate only 43% of the investigated sites and to find evidence of 44% of the existent sites. Finally, by the dual validation process, the new flare detection method showed 3.5% false positives (gas flaring sites detected but not existing on the ground), with 7.1% uncertainty (sites where we were not able to investigate the presence of gas flaring activity). Table 4 summarizes data validated by the GEP imagery photointerpretation and by GPS ground truth. Figure 9 shows the area of the Tiputini oil field (Block 43), where we found 25 detections from 13/12/2017 to 11/04/2019 with an average temperature of 41,529K. The centroid falls into the Core Area of the YBR. Spatial validation was performed by a recent drone aerial image (2018); imagery from GEP was from 2007, and therefore not usable for spatial validation.
Tiputini Oil Field: A Case Study
The use of the VIIRS-NOAA daily detections was useful to identify gas flaring sites in this area, which is crucial in terms of environmental, social and legislative point of view. In fact, the oil block 43, located in the YBR Core Area and at the border of the Zona Intangible Tagaeri-Taromenane (ZITT), is one of the more debated cases for fossil fuel production in Ecuador [107] . In 2013, the National Interest Declaration of the former President Rafael Correa about the end of the Yasuní-ITT Initiative allowed extraction in the area and encountered strong resistances from local populations, NGOs and a part of the international scientific community [28] [29] [30] . For this reason, the oil activities in the Tiputini field began only recently [106] . In this context, the Ecuadorian Government ensured the use of advanced and environmentally friendly extraction technologies, as documented by the Environmental Impact Assessment prepared by the National Company Petroamazonas EP to operate block 43 (and approved by Ministry of Environment). These best practices should avoid the in situ gas flaring procedure, commonly known in Ecuador as "mecheros" [35] . The spatial analysis of the YBR areas potentially threatened by the Tiputini oil field (See sections 2.3 and 3.4) shows, in the precautional scenario, the following overlapping: 12.5 km 2 for the whole YBR; 7.1 km 2 for the Core Area; 4.7 km 2 for the Buffer Zone; 0.7 km 2 for the Transition Area. Additionally, other overlapping includes 8.1 km 2 for the "Bosque siempreverde de penillanura del sector Aguarico/Putumayo/Caquetá", 0.1 km 2 for the "Bosque siempreverde de penillanura y llanura del sector Napo/Curaray", 0.7 km 2 for the "Bosque inundable de la llanura aluvial de los ríos de origen amazónico", 1.0 km 2 for the "Bosque inundado de la llanura aluvial de la Amazonía" and 1.8 km 2 for the "Bosque inundado de palmas de la llanura aluvial de la Amazonía", according to the ecosystem classification of the Ecuadorian Ministry of Environment [108]. Figure 9 shows the area of the Tiputini oil field (Block 43), where we found 25 detections from 13/12/2017 to 11/04/2019 with an average temperature of 41,529K. The centroid falls into the Core Area of the YBR. Spatial validation was performed by a recent drone aerial image (2018); imagery from GEP was from 2007, and therefore not usable for spatial validation.
The use of the VIIRS-NOAA daily detections was useful to identify gas flaring sites in this area, which is crucial in terms of environmental, social and legislative point of view. In fact, the oil block 43, located in the YBR Core Area and at the border of the Zona Intangible Tagaeri-Taromenane (ZITT), is one of the more debated cases for fossil fuel production in Ecuador [107] . In 2013, the National Interest Declaration of the former President Rafael Correa about the end of the Yasuní-ITT Initiative allowed extraction in the area and encountered strong resistances from local populations, NGOs and a part of the international scientific community [28] [29] [30] . For this reason, the oil activities in the Tiputini field began only recently [106] . In this context, the Ecuadorian Government ensured the use of advanced and environmentally friendly extraction technologies, as documented by the Environmental Impact Assessment prepared by the National Company Petroamazonas EP to operate block 43 (and approved by Ministry of Environment). These best practices should avoid the in situ gas flaring procedure, commonly known in Ecuador as "mecheros" [35] . The spatial analysis of the YBR areas potentially threatened by the Tiputini oil field (See Sections 2.3 and 3.4) shows, in the precautional scenario, the following overlapping: 12.5 km 2 for the whole YBR; 7.1 km 2 for the Core Area; 4.7 km 2 for the Buffer Zone; 0.7 km 2 for the Transition Area. Additionally, other overlapping includes 8.1 km 2 for the "Bosque siempreverde de penillanura del sector Aguarico/Putumayo/Caquetá", 0.1 km 2 for the "Bosque siempreverde de penillanura y llanura del sector Napo/Curaray", 0.7 km 2 for the "Bosque inundable de la llanura aluvial de los ríos de origen amazónico", 1.0 km 2 for the "Bosque inundado de la llanura aluvial de la Amazonía" and 1.8 km 2 for the "Bosque inundado de palmas de la llanura aluvial de la Amazonía", according to the ecosystem classification of the Ecuadorian Ministry of Environment [108]. 
Potentially Affected Areas in Tropical Ecosystems and Local Communities
The 2 km buffer of potentially affected areas from the gas flaring activities, applied to both the sites included in the NOAA annual dataset in 2018 and our ground validated sites, cover an area of 347 km 2 in the YBR, precisely 21.1 km 2 in the Core Area, 41.1 km 2 in the Buffer Zone and 284.5 km 2 in the Transition Area. Moreover, potentially affected areas are located in eight different tropical ecosystems (see Table 5 and Figure 10 ) for a total of 524.1 and 49.3 km 2 respectively. 
The 2 km buffer of potentially affected areas from the gas flaring activities, applied to both the sites included in the NOAA annual dataset in 2018 and our ground validated sites, cover an area of 347 km 2 in the YBR, precisely 21.1 km 2 in the Core Area, 41.1 km 2 in the Buffer Zone and 284.5 km 2 in the Transition Area. Moreover, potentially affected areas are located in eight different tropical ecosystems (see Table 5 and Figure 10 ) for a total of 524.1 and 49.3 km 2 respectively. ecosystems with high anthropic influence), which represents 70% of the overall affected areas. On the other hand, at a 2 km radius from gas flaring, there were more frequent "uncontaminated" areas, with a total area of 662 km 2 representing "area under human intervention" only", which represents 56% of the overall potentially affected areas within that radius. It is worth noting that, even if there is little scientific literature about the negative effects of gas flaring on tropical ecosystems, the light pollution and the heating gradient from the gas flaring sites can be some of the direct impacts that can threaten ecosystem dynamics [14, 85, 109] . The analysis of the potentially affected areas shows great differences between the conservative and the precautional scenarios. Considering the ecosystems, the potentially affected area according to the conservative scenario is 49.3 km 2 . This is related to the fact that wide areas of primary tropical forest ecosystems are almost completely degraded and deforested, mainly due to the oil-related development of the last 40 years; moreover, the oil infrastructures, such as the road network, represent a key driver for agricultural colonization. As reported in the metadata [89] , these areas are "strongly altered by anthropic activities" and represent the more affected areas with a total area of 106.9 km 2 in the conservative scenario of "area under human intervention" (the term used from MAE to indicate ecosystems with high anthropic influence), which represents 70% of the overall affected areas. On the other hand, at a 2 km radius from gas flaring, there were more frequent "uncontaminated" areas, with a total area of 662 km 2 representing "area under human intervention" only", which represents 56% of the overall potentially affected areas within that radius. Spatial analyses of potentially affected areas involving local populations showed, in a precautional scenario, that 170 indigenous communities, 187 populated centers and 274 schools are located within a 5 km radius from gas flaring sites (see Figure 11 ). This buffer affects four main cities of the Amazon region (Nueva Loja, Shushufindi, Joya de los Sachas and Puerto Francisco de Orellana), with an overall overlapping of 550.1 km 2 , which is 46.85% of the total urban areas. Otherwise, the conservative scenario shows that, within a 650 m radius from the gas flaring sites, there are 10 indigenous communities, 18 populated centers and 10 schools. In this scenario, the overlap between the conservative buffer and local urban centers is 19.6 km 2 , representing 1.6% of their area. These data are particularly relevant considering that the gas flaring practice in the country has been going on for at least 25 years [52] . The presence of settlements and schools in areas potentially affected by gas flaring activities should be a warning for the local policy makers to consider asking for the use of cleaner technologies or at least implementing safety distances from settled areas.
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Spatial analyses of potentially affected areas involving local populations showed, in a precautional scenario, that 170 indigenous communities, 187 populated centers and 274 schools are located within a 5 km radius from gas flaring sites (see Figure 11 ). This buffer affects four main cities of the Amazon region (Nueva Loja, Shushufindi, Joya de los Sachas and Puerto Francisco de Orellana), with an overall overlapping of 550.1 km 2 , which is 46.85% of the total urban areas.
Otherwise, the conservative scenario shows that, within a 650 m radius from the gas flaring sites, there are 10 indigenous communities, 18 populated centers and 10 schools. In this scenario, the overlap between the conservative buffer and local urban centers is 19.6 km 2 , representing 1.6% of their area. These data are particularly relevant considering that the gas flaring practice in the country has been going on for at least 25 years [52] . The presence of settlements and schools in areas potentially affected by gas flaring activities should be a warning for the local policy makers to consider asking for the use of cleaner technologies or at least implementing safety distances from settled areas. 
Discussion and Conclusions
This study reveals how the integration of different tools such as NOAA data and GIS modeling allows monitoring gas flaring activities and interactions with territories, over seven years, in key sensitive areas for biodiversity conservation and sustainable development.
This study reveals how the integration of different tools such as open and daily remote sensing data provided from the NOAA, combined with GIS modelling and visual validation, allow developing a new monitoring system to map and to assess gas flaring activities in remote and ecologically and culturally sensitive areas.
Particularly, results showed that, despite the UNESCO MAB program, 23.5% of the gas flaring sites (24 of 102) and 18.4% of the burned gas of the EAR (1,268 on 6,888 MCM) are located within the MAB YBR. Moreover, two of the four main gas flaring plants of the EAR are located in the YBR, in the Yuturi and Auca oil fields.
By adopting, for the first time, this novel and simple method, it is possible to keep monitoring ongoing gas flaring activities in remote sensitive areas by using free downloadable daily detections, provided by the NOAA. However, GEP survey for data validation suggests that, although it can be a Figure 11 . Map of the potentially affected areas around the gas flaring sites in the precautional (5 km radius) and conservative (650 m radius) scenarios.
By adopting, for the first time, this novel and simple method, it is possible to keep monitoring ongoing gas flaring activities in remote sensitive areas by using free downloadable daily detections, provided by the NOAA. However, GEP survey for data validation suggests that, although it can be a good instrument for the removal of false-positive sources (e.g., volcanoes), the lack of free recent imagery of remote areas strongly affects validation. For our study area, spatial validation on the ground (GPS survey) was therefore required, showing the good performance of our method: only one false positive on 35 investigated sites was recorded. This also means at least 32 active gas flaring sites were not identified in the NOAA annual datasets. Validated results of new gas flaring sites suggest that gas flaring activity is more extended in the area than reported from the Elvidge et al. annual datasets [104] , especially in remote sectors of the RBY, where the oil exploitation frontier is at present under expansion. In fact, this study highlights the presence of gas flaring practices both in the Core Area and in the Buffer Zone of the MAB Biosphere Reserve, where only biodiversity conservation policies and sustainable practices should be allowed.
This study also provided a new data monitoring system from the NOAA which allows exploiting daily detections not recorded in the official annual dataset and detecting ongoing active gas flaring activities. The daily detection analysis also suggests that gas flaring activities are more extended in the area, especially in remote sectors of the RBY, where the oil exploitation frontier is at present under expansion. In fact, daily detections permitted identifying gas flaring in the oil field Tiputini, in the oil block 43, which is considered one of the key areas for biological and cultural diversity conservation. Moreover, we were able also detect 38 new gas flaring sites, two in the Core area, one in the Buffer Zone and 11 in the Transition Area of the YBR.
The case of the recent exploitation of the Tiputini oil field, included in the Yasuní-ITT Initiative as an unburnable carbon area, is emblematic: after the international debate, oil operation started under claims of adopting advanced technologies to minimize socio-environmental impacts [32, 34] . Moreover, according to the Environmental Impact Assessment approved by MAE, the use of gas flaring stacks was supposed to be abandoned during the different phases of oil drilling and production ( [35] (pp. 489, 505)). However, our method of processing daily detections allowed us to identify 25 cases of gas flaring activities (from 13/12/2017 to 11/04/2019), with an average temperature of 1529 K in the Tiputini oil field. Hence, this study highlights the potential of using open NOAA satellite data to keep monitoring compliance with EIA and environmental guidelines from oil companies which are operating in remote and sensitive areas, such as the Western Amazon. This fact becomes more crucial if there is a general lack of independent and reliable information on gas flaring activities [55] . Many authors assert the key role of this kind of information in guiding the efforts toward the adoption of better environmental practices and the management of territorial conflicts related to fossil fuel extraction [52, 110] .
The estimation of potentially affected areas, in a conservative scenario created with the lower metrics found in the literature, shows 10 indigenous communities, 18 populated centers and 10 schools that may be impacted by gas flaring activities.
This represents an important screening that is useful for national and regional policy makers, who may be interested in reducing gas flaring from oil production, starting from priority intervention. However, on-the-ground surveys to better assess metrics about the harmfulness of gas flaring activities on human health and ecosystems, in this kind of context, would be of great contribution to the estimation of potentially affected areas.
Moreover, data comparison of different satellite multispectral images such as Sentinel, Landsat and specifically provided night imagery from WorldView-3, along with on-the-ground surveys, may be useful to analyze results and to investigate the extension of gas flaring impacts on microclimate and biodiversity, as well as on human rights. This first analysis of interaction among gas flaring and policy implementation in Western Amazon, even if it falls inside the boundary of Ecuador, a small country with high biological and cultural diversity, whose economy relies on fossil fuels extraction, asks for global responsibilities in implementing climatic justice policies.
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